Introduction
The globale nergy demandc an potentially be met by renewable energy supplies:t he estimated technical potentialf or renewable energy sources-geothermal, ocean, wind, biomass, and solar energy-isg reater than the current world energy demand. [1] One of the main issues associated with the practical utilization of renewablee nergy sourcesi st he gap between demanda nd supply. [2, 3] The intermittentg eneration of electricity from renewable energy sources requires technologiesf or storing andr eleasing energy for practical large-scale applications. One of the promising solutionst owards this issue is the electrocatalytic conversion to produce energy carriers. In this context,h ydrogen has attracted tremendous attention in this decade [4] [5] [6] [7] owing to its extremelyh igh energy density (H 2 : 120 MJ kg À1 and gasoline:4 4MJkg À1 ). [4, 5] Hydrogen can be produced from ubiquitous and abundant water by using the electricity generated from renewable energy sources. Electrochemical water splitting has been intensively studied for more than 200 years. [8] [9] [10] [11] [12] [13] In 1789, water electrolysis was first reported by van Troostwijik and Deiman. [13] More than ac entury later,i nt he 1920s and 1930s, al arge number of large-scale electrolysis plants wereb uilt in Canada, Norway,a nd elsewhere. [10] More efficient electrolyzers were developedi nt he middle of the 20th century. [9, 11] The cost breakdown for electrolyzers is available in the literature. [14] [15] [16] At the current stage of the process development for water electrolysis, three main objectives have been considered:( 1) greater efficiency of large-scale water electrolyzers;( 2) water electrolysis in conjunctionw ith renewable energy sources;a nd (3) integrated photovoltaic (PV) electrolysis. [8] PV electrolysis [7, 17, 18] is furtherc ategorized into three:( a) photocatalytic water splitting, [19] [20] [21] [22] [23] (b) photoelectrochemical water splitting, [24, 25] and (c) PV + electrolyzer configurations. [8, 26, 27] As chematic illustration of these processes is presented in Figure 1 . Detailed techno-economic analyses of these PV electrolysis technologies have been carriedo ut to validate their feasibility. [28] [29] [30] A1 0% solar-to-hydrogen efficiency,w hichc orresponds to approximately 8.2 mA cm À2 (geometric), has been considered as ab enchmark (or an approximate value of 10 mA cm
À2
). [31, 32] Photocatalytic ( Figure 1a )a nd photoelectrochemical (Figure 1b) w ater splitting directly utilize semiconductor (photon absorber) surfaces for surface redox reactions (hydrogen and oxygen productionf rom water through reduction/oxidation reactions). In these cases, light irradiation on ap hoton absorber initiates the overall reaction, in which an exciton is generated. After separation of the electron-hole pair, the electron and hole can diffuse to the interface between solid and liquid.F inally,t he electron and hole can be transferred into the reduction and oxidation reaction sites, where hydrogen ando xygen evolve, respectively. [22, 23] In contrast, in the PV + electrolyzer configuration, the surfacep otential, or the Fermi level, of the semiconductor does not equilibrate with the potential of the surfacer edox reactions. This PV + electrolyzer configuration is Recent advances in power generation from renewable resources necessitate conversion of electricity to chemicals and fuels in an efficient manner.E lectrocatalytic water splitting is one of the most powerful and widespreadt echnologies. The development of highly efficient, inexpensive, flexible, and versatile water electrolysis devicesi sd esired. This review discusses the significance and impacto ft he electrolyte on electrocatalytic performance. Dependingo nt he circumstances under which the water splitting reactioni sc onducted, the required solution conditions, such as the identitya nd molarity of ions, may significantlyd iffer.Q uantitative understanding of such electrolyte properties on electrolysis performance is effective to facilitate the development of efficient electrocatalytic systems. The electrolyte can directly participate in reactions chemes (kinetics), affect electrode stability,a nd/or indirectly impact the performance by influencing the concentration overpotential (mass transport). This review aims to guide fine-tuningo ft he electrolyte properties, or electrolyte engineering,f or (photo)electrochemicalwater splitting reactions. Regardless of the type of electrolyzer,the electrochemical reaction performance is oneo ft he mosts ignificant components that determines the energy efficiency of the overall system. The water splitting reaction is composed of two half-reactions, namely,t he hydrogen evolution reaction (HER) and oxygen evolution reaction( OER). Conventionally, it is well knownt hat the extreme pH of the highly acidic/alkaline conditions can maximize the efficiency.A ccordingly,m osto ft he fundamental understanding of water splitting has been established at extreme pH levels. However,w hen the electrochemical water splitting process is considered with respect to the use of renewable energy sources, factorso ther than the electrochemical reactionp erformance have to be considered. In solar fuel production technologies(such as photovoltaicc ells conjugated with electrolyzers, [33] [34] [35] [36] [37] [38] [39] and photoelectrochemical [40, 41] and photocatalytic water splitting [20, 24] ), the performance and stability of the photon absorber as well as the overall system performance have to be optimized, which is achieved in less harsh conditions in many cases.A dditionally,i nt he localized energy system that has been proposed as af uture methodf or energy management, [42, 43] safety concerns might be overcome under milder conditions, which also contribute to the reduction of the capital cost. Therefore, at the current stage, understanding and improving the water electrolysis performance under milder conditions, for example, at near-neutralp H, is of great importance in the construction of af uture sustainable society.
In this review,w ed iscuss electrocatalytic water splitting, with particular focus placed on the "electrolyte". First, the theoreticala spects of water electrolysisa re addressed, in which thermodynamics, kinetics, mass transport, and associated parameters are detailed.B ased on the theoretical descriptions, the proposed impact of supporting ions on the reaction is discussed.T hen, we separately review the HERa nd OER;b oth sections are composed of the following viewpoints:( a) the conventional understandinga textreme pH, (b) the influence of ions at extreme pH, (c) the influence of pH, and (d) the influence of ions at near-neutral pH. In the final section, one example of the utilization of ionicp roperties is introduced, by which selective hydrogen production in the presenceo fo xygen is demonstrated.
Theoretical Aspects of Water Electrolysis
This section aims to present the fundamentals of water electrolysis,w hich is essential for interpreting and rationalizing the effectso fi ons on the water splitting reaction reported in the literature. The theoretical aspects, namely,t hermodynamics, kinetics, mass transport, and associated parameters, are detailed. The effects of ions on the reaction, which are speculated based on the theoreticald escription,are also briefly addressed, which can bridge the theory described in this sectiona nd the experimental observations in the following sections.
Thermodynamics
Overall water splitting is described by Equation (1):
The Gibbs free energy and enthalpy of the water splitting reaction under the standard conditions (ambient pressure and temperature) are DG 0 = 237 kJ mol À1 and DH 0 = 286 kJ mol À1 , respectively. [44] Thee nergy is convertedi nto the standard cell voltagew ith the followingrelation [Eq. (2)]: [45] 
in which n is the number of electrons, F is Faraday's constant, and E 0 is the standard cell voltage. With Equation (2), the thermodynamically required voltage to split the water molecule into hydrogen and oxygen is calculated as 1.23 V, which is called the reversible voltage. In particular,i nt he water electrolysis, the efficiency is typically described in terms of the reaction enthalpy.T he enthalpy-based voltage is easily calculated by replacing DG 0 with DH 0 in Equation (2) , which gives us av oltage of 1.48 V, whichi sr eferred to as the thermoneutral voltage. As such, efficiencies highert han 100 %a re attainable if water electrolysisi se valuated between 1.23 and 1.48 V. An efficiency higher than 100 %i ndicatest hat the heat generated duringt he reaction is utilized for the water splitting. The effi-ciency calculated based on the reversible and thermoneutral voltage corresponds to the low and highh eating value, respectively.
Water splitting is described by two half-reactions:t he HER as the reduction reaction, and the OERa st he oxidation reaction. The thermodynamics for the typical half-reaction, for example,Equation (3)
is rationalized by the Nernstequation [Eq. (4)]: [45] E
in which E eq is the equilibrium potential, R is the universal gas constant, T is the temperature, and a i is the activity of species i.W hen Equation (4) is appliedt ot he HERa nd OER, the following equilibrium potentials (E eq )a re obtained on the standard hydrogen electrode (SHE) scale under the standard conditions given by Equations (5) and (6):
Importantly,t he equilibrium potentials for these reactions shift with the pH on the SHE scale. In contrast, the equilibrium potentials for HER and OER on the reversible hydrogen electrode (RHE) scale become 0a nd 1.23 V, respectively,a ta ny pH level because of the scale of the potential shift associated with hydronium ion activity (59 mV per pH shift). The relationship between the pH and reactionp erformance in the experimental results has to be checked with ag reat care; [46] for example, the pH-independent performance on the RHE scale is pH-dependent on the SHE scale. Notably,t he supporting ions cannot directly affect the thermodynamics, as such ions are neither the reactant nor the product in the water splitting reaction. Nevertheless, the activity of the reactant/product can be altered by the supporting ions in dense electrolyte solutions, as will be described later;t his can indirectly alter the thermodynamic potentials.H owever,t he extento fi ts alteration is usually relatively small and thusn egligible (for example, ad ecrease in the activity or fugacity by 0.1 shifts the potentialbyo nly 2.7 mV).
Reaction mechanism and kinetics
Even if the potentialo ft he electrocatalyst is sufficiently shifted beyondt he thermodynamic point, the reaction may not always proceed. Appreciable electric currents are attainable only when kinetic overpotential is overcome. This section describes the kinetic aspects of water electrolysis.
In principle, there are two ways to describe the HER in equations:h ydronium ion reduction [Eq. (7)] and water molecule reduction[Eq. (8) ],depending on the reaction conditions: [47] 2H 3 
The same applies to the OER, which is described by water molecule oxidation [Eq. (9)]:
and by hydroxide ion oxidation [Eq. (10)]:
Both reactions involvep rotona nd charge transfer,a nd accordingly, two major classifications have been considered to describe the elementary steps of the reaction:t he decoupled proton/electron transfer mechanism and the concerted pathway. [48] For the former,p roton transfer [PT;E q. (11)] and electron transfer [ET;Eq. (12)] can be the sole elementary step:
in which Mi st he active site. The concerted path, that is, proton-coupled electron transfer (PCET), is simply described by the following step [Eq. (13)
These reaction schemes are presented in Figure 2 .
The decoupled pathway is more likely the case for the molecular and oxide catalysts than the metallic catalysts as they can hold local positive/negative chargeb ya lteringt he oxidation state of the metal (center). [48] Thep roton affinity of the electrode surfacei sa nother important factor,w hich describes the extent to which the ion can approach the surface. [48] For example, when the isoelectricp oint is higher than the effective surfacep H, the surfacec an be positively charged, which attracts the negatively charged ion to the surfaceo rv ice versa.
Inorganic heterogeneous electrodes have been well investigated for both reactions. The HER over metal inorganic electrodes is considered to proceed throught he PCET scheme be-cause at ypical metal sustains its metallic state in the cathodic environment (i.e.,t he HER condition). In the PCET scheme, the followinge lementary steps are considered for the HER [Eqs. (14) - (16)
On the other hand, the decoupled pathway can be considered for molecular catalysts. Figure 3a summarizes the possible pathways and intermediates for the HER by both the decoupled and concerted pathways.
Contrary to the HER, there are four surface states involved in the OER in the PCET scheme:M ,MOH,M O, and MOOH. [46, 49] The OER in the PCET schemei sa ccordingly represented by the followinge lementary steps [Eqs. (17)- (20)]: [49] M
The situation is complicated for the OERb ecause ET or PT can be the sole rate-determining step on the inorganic oxide surface. [46] An overall pictureo fp ossible pathways is presented in Figure 3b .F or detailed descriptionso ft he rate expression using Ta fel analysis, the readeri sr eferred to another article. [49] For both the HER and the OER, there are at least three ways for supporting ions to influence the kinetics: 1) Participation of ions in the reactions cheme:I ons can participate in the surface protonation/deprotonationr eaction (PT and/or PCET) because the protonation/deprotonation involves ap ure chemical reaction, and as ignificant influence of the ions is expected, particularly in the decoupled scheme,a sr eported by Koper . [48] The participation of ions in the elementary steps indicate an alteration of the transition state by the ion. In this scenario, the anion that can be protonated/deprotonated impactst he reaction, for example, buffered species such as phosphate and carbonate.
In addition, under some reaction conditions, the water molecule has to be the reactant, irrespective of if the reaction follows ac oncerted or decoupled pathway,i nw hich the cation can impact the hydrolysis of the water molecule. [50] The hydrolysis step, that is, the dissociation of OÀHb ondingo ft he water molecule, is facilitated by cations such as alkali metal ions. The charge density of ah ydrated cation cluster is as ignificant factor that influences the cation-assistedh ydrolysis step.
2) Alteration of the localp H :H ydronium and hydroxide ions are the direct reactants of the water splitting reaction. Importantly,d uring the reaction, the local pH near the electrode surface can be completely different from the pH level in the bulk of the solution as ar esult of consumption/production of these ions. In such cases, the buffering action helps to maintain the local pH, which influences the reactionk inetics. The buffering capacityi sakey parameter for maintaining the local pH, which is af unctiono ft he nature of the buffered species( p K a )a nd the molarity of the ion. The common buffered species are phosphate, carbonate,a nd borate anions. In addition, the hydrolysis of the water molecule aided by the hydrated cation near the negatively charged electrode surfacec an theoretically help to maintain the local pH, the extent of which is deter- Figure 3 . a) The square scheme for proton-coupled electron transfer.ET= electrontransfer,PT= proton transfer,and CPET = concerted proton-electron transfer.Reproduced from Reference [48] with permission from the Royal Society of Chemistry.b)Four concerted proton-coupled electrontransfer mechanisms for the OER (in red) that occursa tasingle surface site (S) and possible sequential proton-electron transfers along the path, which are constructedunder the assumption that the charge of the reaction intermediates does not exceed one electron. The positivea nd negative intermediates are denotedino range and blue, respectively. Oxygeni se volved in the final step (in gray). Adapted from Reference [46] . mined by the charge density of the hydrated cation cluster( associated with pK a )and its molarity. [51] 3) Surfaceb lockage:G enerally,t he reactionr ate is represented, in principle, by the nature and number of active sites; when the ions block the surface through adsorption or noncovalent interactions, the kinetics are alteredo wing to the change in the number of active sites. Anions are knownt o adsorb on the surface (specific adsorption) in some conditions, and cations can also block the surfacet hrough noncovalent interactions. [52] [53] [54] 
Mass transport
The catalytic reactioni sc omposed of the surfacer eactiona nd mass transport. When the mass transport flux is much faster than the surface reactionrate, the surface kinetics can be accurately addressed;o therwise, the system performance largely dependso nt he mass transport in the system. The mass transport phenomenoni ne lectrochemistry is classified into three modes:
1) Diffusion:a sar esult of the gradient of the chemical potential;
2) Migration:a saresult of the gradient of the electrical potential;
3) Convection: owing to the imbalance of the forces in the solution.
It is theoretically described by the Nernst-Planck equation {for species i in the x-direction [Eq. (21)]}:
in which J is the flux, D is the diffusion coefficient, z is the chargen umber,a nd v is the velocityo ft he forces in the solution. [45] The first, second, and third terms on the right-hand side of the equation represent the diffusion, migration, and convection,respectively.
The diffusion term in Equation (21) , that is, Fick's law,i sg enerally applicable in combination with the Nernst-type diffusion model,b yw hicht he diffusion flux is expressed as Equation (22):
in which d is the diffusion layer thickness, and the indices ba nd sr efer to the bulk and surface, respectively.T he migration term is derived from the drift of the charged species, that is, the second term of Equation (21) is determined from the following relationships [Eqs. (23) and (24)]: [45, 55] J migration ¼ ua i @0 @x ð23Þ
in which u is the ion mobility.M ost importantly,b oth the diffusion and migration terms are predominantly determined by the diffusion coefficient, as observed in these equations.
In the framework of the Stokes-Einstein model,t he diffusion coefficient is described by Equation (25):
in which k is the Boltzmann constant, d is the effective diameter of the ion in the hydrated form (Stokes diameter), and m is the viscosity of the solution. [55] Of note, with Equations (23), (24), and (25), the solution resistance is derived as Equation (26):
in which K cell is the cell constant and e is the elementary charge. [55, 56] The cell constantisasystem-specific value that dependso nt he electrode geometry and theg ap between the electrodes. [35] Overall, the following parameters can thus be considered to govern the mass transport flux:
1) effective size of the species; 2) viscosity of the solution; 3) activity (or fugacity for gases) of the species.
These values are dependento nt he electrolyte properties;a nd thus, the supportingi ons drastically impact the mass transport duringt he reaction. The details of these parameters are discussedi nt he next section.
Rotatingd isk electrode( RDE) configuration:Awell-developed configuration for the study of the mass transport in electrochemical systems is the RDE configuration. In the RDE configuration, the diffusion and convection flux is theoretically deduced from the following Levich equation [Eq. (27) ]: [45] 
in which j L is the limiting diffusionc urrent (the Levich current), w is the rotation speedoft he disk electrode, u is the kinematic viscosity of the solution, and da i represents the activity difference between the surface and bulk. From Equations (22) and (27) , Equation (28) is obtained for the diffusion layer thickness:
Basically,i nt he RDE configuration, the mass transport is well defined by accurately controlling the diffusion layer thickness, as observed in Equation (28) . Notably,t he diffusion layer thickness in the absence of any hydrodynamic motion in the system is 0.1-0.5 mm, which is orderso fm agnitude greater than that in the RDE configuration.
Molarity, activity,and fugacity
The activity and fugacity of the speciesa re directly involved in the thermodynamics, kinetics,a nd mass transport. This section briefly outlines how the activity and fugacity of the species can be addressed theoretically and practically.
The activity of the ions in the electrolyte solutioni sr epresented by the product of the concentrationa nd the mean activity coefficient. The meana ctivity coefficients of some aqueous electrolytes are summarized in Ta ble 1. [44, 57] The mean activity coefficient can theoretically be obtained by the Debye-Hückelt heory at infinite dilution for as imple electrolyte [Eq. (29)]: [55] ln g AE ¼ À 1 2
By considering the effective ion size, the theoryc an be extended, which is applicable up to approximately 0.1 mol L
À1
[Eq. (30) ]: [55] RT ln g
In denser solutions, hydration needs to be considered, and the following further extended form was proposed [Equation (31)]: [58] ln g AE ¼ ln g
In Equations (29)- (31), e and e 0 denote the permittivity in the solution and vacuum, respectively, b is the Debye length, N A is Avogadro'sn umber, p, q, S,a nd h define the number of cations,a nions, water molecules,a nd water molecules used for hydration,and g w represents the activity coefficient of water.
Although the Debye-Hückel theory and its extension have been identified asp romising tools to quantitativelya nalyze the coefficient, the electrostatic interaction is overemphasized, and other parameters, such as water affinity and volumetric changes,a re overlooked. [59] Particularly,aquantitative theoretical discussion of the mean activity coefficient for different ions is under debate, and is thus not practical. [59] [60] [61] [62] [63] [64] [65] Nevertheless,o n the basis of the "like sees like" [60] and" matchingw ater affinity" [61] concepts, aq ualitative discussion can be attempted. Figure 4s ummarizes the "matchingw ater affinity" concept. [61] The concept correlates the ion size with the mean activity coefficient based on ac onsideration of the hydration sphere. The ions can be categorized into two types: [59, 61] 1) Kosmotropes:w ith strongly hydrated and large hydration spheres;
2) Chaotropes:w ith weakly hydrateda nd small hydration spheres.
The ions associate with other ions in the same group, and the associated hydrated ion pairs reduce the mean activity coefficient.
The fugacity of ag as can be estimated as the gas solubility. The solubility of various gases in av ariety of electrolytes has been experimentally investigated, [66] [67] [68] [69] [70] and Equation (32) , known as the Sechenov equation, has been proposed:
in which C G,0 represents the gas solubility in pure water, C G denotes the gas solubility in the electrolyte solution, C s is the molar salt concentration, and K is the Sechenov constant, which depends on the salt, gas, and temperature. This equation was later extended to Equation (33): [70] log
in which h i and h G are constantst hat depend on the ion and gas, respectively.F or the system with larger values of these constants, the solubilityb ecomes exponentially smaller as the solute concentration increases. Some examples of these constants are listed in Ta ble 2.
The dissolution of gasesdepends on the identity and molarity of ions, whichi ndicates that there are interactions among the solute, solvent, and gas. As such, af urther rationalization of the solubility of the gases is clearly more complicated, and it falls outside of our scope here. For details of such "specific ion effects",t he readers are referredt oo ther articles. [59, 61, 71] Electrochemical water splitting involves two half-reactions, namely,HER and OER. This section describes the HER in various electrolytes, and the OER will be discussed in the next section. The extreme pH conditions (highly acidic/alkaline pH) will be focusedo nf irst, followed by the discussion of the influences of supporting ions under these conditions. Later,t he discussion is furthere xtended to the influences of pH on the HER, and then, we describe the impacts of ions (particularly,b uffered species) at near-neutral pH.
HER at extreme pH:general aspects and introduction to the influence of ions
The industrialized water electrolyzers operate under extreme pH conditions, for example, pH % 0i nm embrane electrode assembly form or 6.0-8.0 mol L À1 KOH, [8, 72] which minimizes the ohmic loss in the system (maximizes the migration of ions). Accordingly,m ost studies dedicated to the HER have been conducted in highlya cidic [73] [74] [75] [76] [77] [78] [79] [80] and0 .1-1.0 mol L À1 alkaline [78] [79] [80] [81] [82] [83] electrolyte solutions.T his section aims to present the general aspects of the HER under the extreme pH conditions, based on which the significance of the ionic effectsw ill be introduced. In acidic environments, hydronium ion reduction [Eq. (7)] occurs, [84] in which lower pH levels (higher hydronium ion activity) are kinetically favored because no bond dissociation is involved. In alkaline electrolytes, ah ydroxide ion activity of approximately 0.1 mol L À1 maximizes the HER performance by water molecule reduction over aP te lectrode. [84, 85] The reason for the performance maxima in alkaline media has not been clarified;h owever,s omeh ypotheses have been proposed, including an influence of hydroxide ions on the surface-adsorbed hydrogen bond strength, ad ecrease in the solubility of hydrogen in strongly alkaline media, [84] or simply,adecrease in the water activity with increasing hydroxide ion activity.
In both pH scenarios, the reactioni ntermediate of the HER is Ha dsorbed on the surface (MÀH, where Mr epresents the surface site). The strength of the bindingb etween the intermediate and the surface is highly correlated with the reactionp erformance. When the HER performance (the mass activity or exchange current density) for av ariety of materials is summarized with respect to the MÀHb inding energy,avolcanoshaped trend is obtainedi nb oth acidic [86] [87] [88] and alkaline [88, 89] conditions, which is at ypical example of the Sabatier principle. [90, 91] Noble metals,s uch as Pt, Pd, and Rh, which are scarce and expensive elements, are located att he top of the volcano plot. [92] Ac lassic approacht od evelopinga na ctive electrode with earth-abundante lements on the basis of the Sabatier principlei sb ym ixing elements with lower and higher intermediate binding energies. Ac onsistent example is NiÀCu, which shows ag reater HER performance than Ni and Cu in alkaline conditions. [93] [94] [95] [96] [97] Another promising materiali sN i À Mo; [98] [99] [100] [101] however,t here have been issues associated with its low dispersion of the actives urface. Ab reakthrough study in this context was reported in 2013, in which highly dispersed NiÀMo nanopowders were successfully prepared and utilized. [102] Indeed, these non-noble metal-basedm aterials are promising candidates under alkaline conditions for the HER, but they readily dissolve in acidic solutions.A sd iscussed later, these bimetallic systems may not simply depend on as ingle MÀHb inding energy as an activity descriptor if the dual sites are used for hydrogen evolution.
In 2005, inspiredb yh ydrogen-producing enzymes,adensity functional theory (DFT) calculation predicted that the edge sites of MoS 2 would be active for the HER,w hich could be an alternative to the Pt group in acidic conditions. [103] In 2007, it was experimentally confirmed that the edges ites of MoS 2 are clearly the active sites for the HER, which can reach À10 mA cm À2 at an overpotential of 200 mV. [104, 105] This finding has openedu pn ew classes of electrode material for the HER: transition metal sulfides, carbides, nitrides, phosphides, and phosphosulfides. [106] [107] [108] [109] [110] [111] The use of the volcano relationship to improve the HER performance with cost-effective materials has been successful in many cases;h owever,i th as recently been emphasized that there is an inconsistency in the element order in the volcano behavior when the current density versus MÀHb ond strength is plotted for acidic and alkaline solutions. [88] At alkaline pH, the water molecule is the reactant and protonsource. [47] Therefore, the HER sequence musti nvolvea nO ÀHb ond dissociation step of the H 2 Or eactant, [88, 112] which is kinetically sluggish, as easily understood from the thermodynamic expectation to activate highly stable water molecules.Inc ontrast, in acidic environments, the proton is used directly as ar eactant. [47] These rationales suggest that not only the conventional MÀHb inding energy buta lso other factors associated with the processes that occur at the interface (for example, the kinetics of OÀH bond dissociation) have to be accurately considered to account for the observed HER performance. [113] As will be observed in the subsequents ections, not only the difference in the reactant (hydronium ion or water molecule) but also the supporting ions have ac riticali mpact on the electrochemical reactionperformance.
The influence of ions on the HER at extremepH
For the electrochemical reaction, not only the electrode material but also the reaction conditions have ac riticali mpacto n the performance. Some studies reported the influence of ions on the reaction performance on the microscale in addition to typical adsorptionp henomena, whichw ill be reviewed in this section. 
Reviews
The HER proceeds through water molecule reduction at alkaline pH, [47] where the dissociation of the OÀHb ond in the water molecule (or the Volmer step for water molecule reduction) is kinetically sluggish. [88, 112] When the Pt metal electrode was decorated with Ni(OH) 2 islands,adrastic improvement in the HER performance was observed, plausibly because the water dissociation wasf acilitated at the interface around the Ni(OH) x islands. [50, 112] This finding suggests the significance of switching the reactant, which is associated with the reaction pH. Interestingly,w hen as mall amount of LiOH (1 mmol L À1 ) was added to the 0.1 mol L À1 KOH electrolyte, the HER performance over the Ni(OH) 2 -Pt electrodew as further improved by af actor of approximately two. The improvement was ascribed to the presence of ac omplex, Ni(OH) 2 -Li + -OH-H, which presumably enhanced the probability of the water dissociation( Figure5). [50] As imilar improvement in the HER performance wasr eported over Ir and Ru, [114] in the order of supporting cations, K + < Li + < Ba 2 + in 0.1 mol L À1 KOH electrolyte. For more details on this subject, the readers are referred to the recent review published by the group. [113] These observations indicatet hat the local hydrolysisp henomenon (OÀHb ond dissociation) on the negatively chargeds urfacei sf acilitated by ah ydrated cation cluster,w hich is af unctiono ft he charge density of the ion cluster. Interestingly,u nder similar acidic conditions, cations were shown to influence the HER per- [115] although protons are believed to be the directr eactants. As such, local hydrolysis cannotb eu sed to explain this observation. As cientific explanation for the observation has not been identified, and thus, further studies are required.
There are ac ouple of examples that demonstratet he significant influence of the supporting ions that coexist in the electrolyte on the reactionp erformance. Importantly,t he effect of these ions on the overall performance dependso nthe reaction conditions, for example, the order and extent of the ion effects differ at different pH, even on the same electrode. Aq uantitative description of the complex ion effect will certainly lead to the development of an efficient system for electrochemical energy conversion.
The influence of pH on the HER
The difference in the reactant (hydronium ion vs. water molecule) inducesh uge differences in the reactionp erformance, and switching the reactant is predominantly associated with the reactionp H. This sections ystematically discusses influences of pH on the HER performance. Conventionally,n ear-neutral pH conditions have been considered as unfavorable for the electrochemical water splitting reaction, and, until recently, little attention has been paid to these conditions. [116] [117] [118] We thus lack ac lear fundamentalu nderstanding of the reaction under thesec onditions.
As ystematic study on the influence of pH on the HER was reported by Markovic and co-workers in 2013. [118] In their study, 0.1 mol L À1 KClO 4 (unbuffered) wasu sed as as upporting electrolytea cross the entirep Hr ange (pH 1-13), and as ingle-crystal Pt (111) À desorption from the Ni(OH) 2 domains (red arrows) followed by the adsorption of another water molecule on the same site (blue arrows). Watera dsorption requirest he concerted interaction of O atoms with Ni(OH) 2 (broken orange spikes) and Hatoms with Pt (broken magenta spikes) at the boundary between the Ni(OH) 2 and Pt domains.The Ni(OH) 2 -induced stabilization of the hydrated cations( AC + )(broken dark blue spikes) likely occurs through noncovalent (van der Waals-type) interactions. The hydrated AC + can interact furtherwith water molecules (broken yellow spikes), whicha lters the orientation of water as well as the nature and strengthoft he interaction of the oxide with water. Reproducedf rom Reference [50] with permissionfrom AAAS. À1 potassiump erchlorate at various pH levels (1-13)a t adisk-rotationspeed of 1600 rpm, recorded at ascan rate of À50 mV s À1 .Reproducedf rom Reference [118] with permission from Macmillan Publishers Ltd (copyright 2013). on the SHE scale. [118] In the figure, in acidic solutions of pH 2 and at alkaline pH (pH > 10), only sharply increasing cathodic currents are obtained. In contrast, at wo-stepr eductioni so bserved at near-neutral pH levels.The first reduction is observed below approximately 0V on the RHE scale, which reaches ac onstant value at approximately À300 mV on the SHE scale, and af urther increase in the reduction currenti so btained below approximately À700 mV on the SHE scale.
The interpretation of the influence of pH on the HER current-potential relationship ( Figure 6 ) is still under debate. [116] [117] [118] [119] [120] Mayrhofer and co-workersr eported that the Nernst-Planck equation [Eq. (21)] well reproduces the j-E relationship for the Pt electrocatalyst with the assumption of electric currents determined by the diffusion limitation of H + and OH À . [119, 120] In their calculation, the following equilibrium is also assumed [Eq. (34)]:
in which K w is the equilibrium constant of water molecule dissociationi nto/formationf rom ap roton and hydroxide ion. [119, 120] Simply,t he fact that the calculation based on the Nernst-Planck equationm atches with the experimental observation indicates that the thermodynamicsa nd mass transport are solely responsible for the j-E relationship of the HER/HOR when the kinetically facile Pt electrode is used. In this framework, the two-step reduction for the HER at near-neutral pH can be rationalized by the local pH gradient, and all of the cathodic events originate from the hydronium ion reduction.
On the other hand, Markovica nd co-workersc laimed that am icrokineticd escription, in conjunction with Fick's law for the HER (hydronium ion reduction and water molecule reduction), and the HOR (hydrogen oxidation with aw ater molecule and hydroxide ion) matches the experimental observation. [118] Similarly to the previousc ase, the initial reductione ventsa t al ower overpotential and near-neutral pH are attributed to the diffusion-limited hydronium ionr eduction. However,i n their scenario, af urtheri ncreasei nt he reduction currents below approximately À700 mV versusS HE at near-neutral pH levels is attributed to water molecule reduction at near-neutral pH, which kinetically does not depend on the pH. In their study,A u(111)w as also investigated under identical conditions, which showedasimilar two-step reduction at near-neutral pH, as depicted in Figure 6b .A sA ui sn ot as active as Pt, the thermodynamicsa nd the consideration of diffusion cannots olely explain the observation, and the contributiono fk inetics cannotb ei gnored. Accordingly, the second reduction event at al arger overpotential in the near-neutral pH solutionss hould be explained by water molecule reduction, which kinetically does not depend on the pH. The proposed reduction of the water molecule is also supported by the observations for polycrystalline Ni and Ni-modified Pt. [117] Furthermore,t he difference between the performance for the HER observed in acidic and alkaline environments clearly suggests the significance of kinetics in the HER even when Pt is used, which implies the occurrenceofwater molecule reduction. [50, 112] Importantly,i nb oth cases, the two-step reduction at nearneutral pH is rationalized by the lack of hydronium ion activity in close proximity to the surface. In particular, because the hydronium ion activity at near-neutral pH is insufficientt or esult in substantial reaction rates, for example, À10 mA cm À2 ,t he cathodic reactionislimited by the mass transporto fthe hydronium ion as the overpotential increases. This rationalel eads to one strategy for improving the HER at near-neutral pH:m aintaining the local pH to avoid the diffusion limitation of hydronium ions.
The influence of ions on the HER at near-neutral pH
There have been ac ouple of studies reported regarding the HER at near-neutralp Hi nb uffered solutionst hat function to maintain the local pH level. [80, 119, 120] Experimentally,i tw as clearly demonstrated that the use of ab uffered solution as a" supporting electrolyte" successfully prevented the diffusion limitation of hydronium ions at near-neutral pH levels. Figure7 showst he polarization curveso btained by using Pt in various electrolytes (including acetate, phosphate,a nd carbonate buffer) on the RHE scale. [80] As harp increase in the reduction currentw as obtainedw ith overpotentials in buffered solutions at near-neutral pH. In the study,t he MÀHb inding energy in various conditions was also determined by cyclic voltammograms. The investigation of the HER performance (the potential at À1mAcm À2 ), in conjunction with the MÀHb inding energy strength,i ndicated that both the HER performance and MÀHbinding energy shift monotonically with the solution pH. [80] Such an observation is in agreement with the conventionalv iew of the reaction (the activitybinding energy relation: the Sabatier principle). Notably,w hen the buffered solutioni su sed as the "supporting electrolyte", the concentration of the electrolyte has to be carefullys elected to at least provide as ufficient buffering capacity to the system.Acareful investigation by Mayrhofer andc o-workers clarified the requirement:1 0mm is sufficient to prevent altera- Reviews tion of the local pH up to 1mAcm À2 . [119, 120] Other than maintaining the local pH, it should be noted that the presence of buffered species can introduce additional parameters required for describing the electrocatalytic kinetics, as discussed in Section 2. As noted by Markovic and co-workers, an additional chemicale quilibrium can be introduced to the surface reaction because hydronium and hydroxide ions are the reactants/products, which can react with supporting ions through protonation/deprotonation steps. [118] This rationalei ndicates that the choice of buffered speciesc an have ad rastic impact on the reaction performance. In addition, ar ecent theoretical study by Rossmeisl and co-workersp redicted al arge contribution from the entropic barrierp resentf or the HER, [121] in which electrolyte ions should play as ignificant role.
The influence of ions on the HER at near-neutral pH under densely bufferedconditions
The use of buffering action leads to improved HER performances at near-neutral pH, as discussed in Section 3.4. However, the study focused on al ow currentd ensity region (ca. 1mAcm À2 ), [80] which is much smaller than the target for solar fuel production (8.2 mA cm À2 or 10 mA cm
À2
). Thus, as an ext step, studies of the HER in more practical conditions are necessary.T his section introduces our recent work at near-neutral pH, which shows the significance of ions for the HER in buffered conditions with regards to the mass transport.
Conventionally,t wo possibilities are proposed forr ationalizing the improved HER observedi nb uffered conditions in the literature: phosphate behaves as ap rotons ource by either 1) releasing its proton in close proximity to the surface or 2) being directlyd ecomposedo nt he surface. [122] [123] [124] In both cases, the activity of phosphate in the solution is presumably correlated with the kinetics, indicating that ah igherp hosphate concentration improves the HER performance. This rationale had previously been confirmed by experiments only up to 0.5 mol L À1 . [124] Of note, the salt added to the system is typically up to 0.5 mol L À1 to improve the conductivity of the solutions. These considerations predict that furtheri ncreasing the solute concentration of buffered solutions above 0.5 mol L À1 would result in improved HER performance.
Thus, the impact of the phosphate concentration on the HER over aw ide concentration range was investigated. [125] In Figure 8 , the overpotential distribution for the HER when using aP td isk electrode in 0.5-3.0 mol L À1 sodium phosphate solution at pH 5i sd epicted (at À10 mA cm
). In the low concentration regime, the HER performance increased with increasing concentration, then reachedamaximuma ta pproximately 2.0 mol L
À1
,a nd decreased in more highly concentrated solutions, which is ac lear volcano-shaped trend. [125] In general, there are at least three critical parameters that affect the overall performance of an electrochemical reaction: 1) Kinetic overpotential:t he surface reaction; 2) Concentration overpotential:the concentration gradient; 3) Ohmic loss:the solutionr esistance.
The contributionofeach component can be quantified by arational elucidation of the reaction performance.
In at ypical chemical engineering model, the chemicalr eaction can be represented by the mass transport andt he surface reaction,w ith the mass balance considered. Figure 9s hows as chematic illustration of the model that describes the HER in denselyb uffered conditions.
The protonated species (HA; for example, am onobasic phosphate) is equilibrated with the counter anion (A À ;f or example,adibasic phosphate) and protoni nt he bulk of the electrolyte. The protonated species reach the surfaceo ft he electrode, where they are deprotonated for the surface reaction, and the produced deprotonated speciest hen diffuse back to the bulk of the electrolyte. By considering both the kinetics and mass transport, the following continuity equation can be developed, which describes the mass transport and consumption/regeneration of buffered species [Eq. (35) The continuitye quation can be solved by using the associated parameters and the kinetic description under the steadystate approximation, the solution of which provides the current-potential relationships. The details of the treatment are availablei nt he literature. [125] The calculation resultsa re presented quantitativelyi nF igure 8. The analysisp redicts that the overall performance is strongly dependento nt he concentration overpotential in buffered near-neutral pH conditions:t he concentration overpotential exceeds 50 %, and the kinetic overpotential accountsf or less than 10 %o ft he overall potential. These characteristics suggest that the HER in buffered near-neutral pH conditions is predominantlyg overned by the mass transport of weak acid species. The mass transport during the reaction is not related to the electrode identity but is solely determined by the electrolyte properties;t herefore, it is inferredt hat fine-tuning of the electrolyte, or electrolyte engineering,t om inimize the concentration overpotential leads to the improved apparent HER performance in the buffered nearneutralp Hs olutions. [126] The associated electrolyte properties are as follows: a) diffusion coefficient: i) effective ion size (hydrated ion size); ii)viscosity; b) mean activity coefficient.
The significance of electrolyte engineering at near-neutralp H for the HER is summarized in Figure 10 . [127] When at ypical supporting electrolyte, such as sodium sulfate solution, is used at pH 5, at wo-step reduction is observed (Figure 6a) , in which an overpotential of approximately 500 mV is required to achieve 10 mA cm À2 . [116, 117] Once the significanceo ft he reactant switching is realized, the buffered solution can be used as a" supporting electrolyte". In this case, 10 mA cm À2 is achieveda ta no verpotential of approximately 120 mV in 0.1 mol L À1 NaH 2 PO 4 when using aP td isk electrode. [125] The HER in the solutions is predominantly governed by the significant concentrationo verpotential, which can be minimized by fine tuning of the electrolyte properties. In the optimized electrolyte of 1.5 mol L À1 potassium phosphate (monobasic/dibasic = 80:20), an overpotential of only 40 mV is sufficient to achieve 10 mA cm À2 . [125, 126] Undert hese conditions, the performance is much better than that in alkaline solution (0.1 mol L À1 KOH), and it is almost comparablet ot hat in acidic solution (0.1 mol L À1 HClO 4 ). These findings demonstrate the promise of near-neutralp Hc onditions for the HER. It should be emphasized that the solution resistance originates from the migration of ions, which is highly correlated with the diffusion of ions, as discussed in Section 2. Thus, as expected, the electrolyte composition that maximizes ion diffusion (optimum conditions for the HER in buffered conditions) also minimizes the solution resistivity in buffered near-neutral pH conditions. [126] This section reviewsa na ttempt to understand and elucidate the complicated influence of ions andt he application of this knowledge to improve the HER performance. The findings summarized in this section shed light on the newly developing field of water splitting at near-neutral pH, which is ac ritical aspect in the construction of as ustainable society in the future.I ts hould be emphasized that the significance of the electrolyte properties seemsc ritical in systems that involve electrochemical reactions. In integrated solar fuel production systemso fp hotocatalytic and photoelectrochemical water splitting, it is possible that mass transporti st he limiting factor of the overall performance, particularly in buffered conditions.
Oxygen Evolution Reaction (OER)
The OER is the other half-reaction that composes the water splitting reaction, which typically requires ag reater overpotential to achieve as ubstantial reaction rate than the HER. [128] This section reviewst he general aspects of the OER at extreme pH, which is followed by ad iscussion on the influences of ions at variouspHl evels on its performance.
OER at extremep H: general aspects and introduction to the influence of ions
The OER performance is also correlated with the volcanoshaped trend for various specific activity descriptors (the Sabatier principle). The correlation between the mass activity for the OER and the enthalpy of the transition from al ower to ah ighero xide wasi nitially reported in 1984, [129] in which IrO 2 and RuO 2 are at the top of the volcano. As introduced in Section 2, the OER through the PCET scheme involves four surface intermediates:M ,M OH, MO, and MOOH. Ar ecent computational study has revealed that scaling relationships exist amongt he binding energies of these species, [130] [131] [132] which can be represented by the number of outere lectrons. [133] Owing to this relationship, the volcano-shaped trend is obtained when the OER performance is plotteda gainst only one M-adsorbate descriptor.S imilarly,avolcano plot is reported, for example, among the perovskite-structured oxides, whichi sc orrelated with the e g electron. [134] Among the oxidesc omposed of earth- abundantm aterials, nickel-iron (oxy)hydroxide has been recently reconfirmed as ap romising electrode in alkaline media. [135] [136] [137] [138] In 2016, superior OER performance was revealed for the Ni-Co-W mixed oxyhydroxide, which requires an overpotentialo fo nly 191 mV to reach1 0mAcm À2 in 1.0 mol L À1 NaOH, [139] and for Au-supportedN iCeO x ,w hich reaches 10 mA cm À2 at an overpotential of 271 mV in 1.0 mol L À1 NaOH. [140] In principle, the volcano-shaped relationship indicates that as imple oxide composed of earth-abundant elements cannot outperform IrO 2 and RuO 2 in OER performance. One strategy to achieve ah igherp erformance than the volcano limit is the introduction of inhomogeneity in the actives ites [141] because the volcano relationship is predicted for the single-site mechanism. One successful example of this is the addition of an oble metal to the transition metal oxide. [142] [143] [144] [145] [146] [147] [148] Improving not only the activity but also the stabilityisachallenge for OER electrodes, particularly in acidic [149] and nearneutralp H [150] environments. At rade-off between the activity and stability is reported for the OER in acidic environments, even for the most active oxides, IrO 2 and RuO 2 . [149] As expected from the Pourbaixd iagram shown in Figure 11 , [151] the cationic state of the metals is thermodynamically more favored at lower pH levels, which is consistent with the nature of their dissolution into solution.I na ddition to the influence of pH (the activity of free H + )o nt he OER, the supporting ions that coexisti nt he electrolyte have been reported to have as ignificant impact on the performance, [52] which needs to be considered to rationalizea nd improve the OER performance, as will be discussed in the followings ections.
The influence of ions on the OER at extremepH
Contraryt othe HER, the OER does not proceed on the metallic surfaceb ut on the oxide surface. The oxide can sustainl ocal positive/negative charges on the surface, as discussed in Section 2, which allows decoupled pathways (i.e.,P Ta nd ET) to occur.A ne xample of the decoupled ET and PT path for the OER is reported by Koper,S mith, and co-workers. [152, 153] In situ surface-enhanced Ramans pectroscopy was employed in their study,t he spectra of which indicate the presenceo fs uperoxotype speciesformedb yt he PT step. [153] Such ad ecoupledp athway not only complicates the reaction mechanism itself but also resultsini ons participating in the reaction scheme.
Indeed, as ignificant influence of the ions has been reported for the OER;t he OER performance in 0.1 mol L À1 of simple alkali hydroxide solutions follows the order K + < Na + < Cs + over Ba 0.5 Sr 0.5 Co 0.5 Fe 0.2 O 3Àd and IrO 2 . [52] Also, for MnO x electrodes, the same orderw as reported. [154] It shouldb en oted that the order of the cationsf or the OER (greater performance with the cation that has al arger atomic number) is opposite to that of the HER (greater performance with the cation that has as mallera tomic number), which clearly indicates the different mechanisms presentf or these cases. It has been proposed that hydrated ion clustersM + (H 2 O) x anchored on the surface are present,w hich modify the reactioni ntermediate species. [52] A similar mechanism has also been proposed for the hydrogen oxidation reaction( HOR), oxygen reduction reaction (ORR), alcohol oxidation, [52] [53] [54] and chlorine evolution. [155, 156] However, when the OER is evaluated in 0.05 mol L À1 H 2 SO 4 containing an alkali metal sulfate, the performance is minimally altered (except for Rb) over Pt (111) . [115] It should be noted that the isoelectricp oint of the electrode is ac riticalp arameter that determines whether the ions influence the reactiono rn ot. [48] Therefore, the impact of ions largely dependso nt he materiala nd reactionc onditions, that is,t he pH, particularly for the OER.
The influence of ions on the OER at near-neutral pH
As described in the Introduction,t he development of water electrolysis systems under the milder conditions of the nearneutral pH has attracted tremendous attention in this decade. Its successg reatlyr elies on the development of active and stable OER electrodes. This section reviews the studies on the OER at variousp Hl evels, with af ocus on near-neutral pH, where significant effects of ions on the reaction performance will be discussed.
Historically,n oble metal oxidess uch as IrO x and RuO x have been recognized as outstanding electrodes for the OER in both acidic and alkaline environments. [129] In 2005, the IrO 2 electrode was adopted for the OER at near-neutralp Hl evels (0.1 mol L À1 KNO 3 ;p H5.3). [157] However,t he high-cost and scarcity of such noble metals is considered ah uge issue, which has driven the exploration of non-noble metal-based OER electrodes at nearneutral pH. Among the more cost-effective elements, Co, [158] [159] [160] [161] [162] [163] [164] Mn, [165] [166] [167] and Ni [168, 169] have been the subject of research studies in this decade.
Ap ioneering work was reportedb yN ocera and co-workers in 2008, [158] which demonstrated as table OER performance over aC o-based material in phosphate solution at near-neutral pH levels. In their study,acurrentd ensity of approximately 1.0 mA cm À2 was achieved at 1.24 Vv ersus SHE at pH 7 (ca. 1.65 Vv ersus RHE). Their follow-up study proposed as elfhealing mechanism, in which the cobalt cation released into the solution can be redeposited on the electrode during the OER that occurs when the phosphate is present. [159] For more details about the Co-phosphate system, the readers are referred to the tutorial review by the group. [160] Following this study,s ome groups attempted to elucidatea nd further improve the performance of Co-based materials at near-neutral pH conditions. [161] [162] [163] [164] Dau and co-workers investigated the OER performance of Co electrodes in variouse lectrolytes (phosphate, carbonate, glycine, TRIS, acetate, HEPES, chloride, borate, and MES), which revealed as imilarity between the OER-pH relationship and pH titration ( Figure 12 a) . Based on this observation, it was proposed that the deprotonation of the surfacep roton that is generated during the OER is the limiting process (Figure 12 b) , which is assistedb yt he supporting ions. [162] As ystematic investigation was also reported for Mn electrodes. [165] [166] [167] When an unbuffered solution was used as as upporting electrolyte (0.5 mol L À1 Na 2 SO 4 ), the onsetp otentialf or the OER was found to be independento ft he solution pH on the SHE scale ( Figure 13 a) , [166] which interestingly coincides with the observation for the HER (see Section 3.2). The observed pH independence in their study was ascribed to the formation of Mn 3 + from Mn 2 + . [165] The OER-pH relationship was drastically altered when bufferinga ction was introduced into the system. [166, 167] Particularly, Nocera and co-workers claimed that the self-healing mechanism was also present in the Mnphosphate system, whichr esults in the high stabilityo ft he Mn OER catalysts. [166] Nakamura et al. reportedas trong correlation between the OER performance and pK a of the buffering equilibrium:e ven at similar pH, the performance was significantly dependento nt he pK a of the buffering action. Particularly,t he larger pK a resulted in an improved OER onset potential ( Figure 13 ba nd c) . [167] This observation indicates the involvement of the deprotonation/protonation process in the rate-determining step, [167] which was also observedf or the Co OER catalysts. [162] Figure 12. a) pH dependenceo ft he catalyticc urrent determined at 1.35V (versus NHE) in various buffer systems. The respective electrolytes consisted of the indicated buffer system at ac oncentrationof0 .1 m.T he lines were obtained by means of simulations, assuming that the catalytic activity was proportional to the relative concentration of the base. HEPES = 2-[4-(2-hydroxyethyl)piperazin-1-yl]ethanesulfonic acid, MES = 2-(N-morpholino)ethanesulfonic acid, and TRIS = 2-amino-2-hydroxymethyl-propane-1,3-diol. b) The proposed situation that prevails in the CoCat material, that is, catalysis of water oxidation within the bulk of the amorphous oxide materials but proton transfer to an electrolyte buffer base (abbreviated as B À )att he bulk oxides urface. Adapted from reference [162] . Figure 13 . a) pH dependence of the onset potential for the oxidation current( U on,j ,red squares)a nd opticala bsorption at 510 nm (U on,A510 ,blue circles).The solid line represents the standard potential for oxygen evolution.R eproduced from [165] with permission from the American Chemical Society (copyright 2012). b) Plot of pH versus potential showingthe pH dependence of the onset potential (U on,j )d efineda t1 30 mAcm À2 for water oxidationi nthe presence of the indicated bases at pH rangingf rom 5t o9 .Adapted from Reference [167] . Overall, atn ear-neutral pH, the ion largely influences the OER reaction performance if the surface proton affinity allows. The pK a of supporting ions is speculated to be the main parameter in this case, which is associated with (1) the supporting ions assisted protonation/deprotonation reactiona nd (2) the local pH neart he electrode surface.T herefore, not only the electrode identity but also the identity and molarity of ions as well as their interaction with the electrode have to be thoroughly investigated to maximize the OER performance, which is essential for the development of efficient water splittings ystems.
Crossover Regulation
This section introduces one example of the utilization of ions, in which as electiveH ER in the presence of oxygen is demonstrated.I nt he water splitting system, both hydrogen and oxygen evolve,w hich naturally results in the risk of ab ackr eaction to form water. [170] The evolved hydrogen can be oxidized at the anode (hydrogen oxidation reaction:H OR), and the oxygen can be reduced at the cathode( oxygen reduction reaction: ORR) when no membrane is used;f or example, in the photocatalytic particulate system.These unfavorable back reactions lower the overall efficiency.I ng eneral,t he anode is in the form of an oxide or hydroxide, and in most cases, it is inactive towards the dissociation of hydrogen molecules. However, the cathode materiali sa lso active for the ORR in most cases, for example, Pt [171] [172] [173] and multi-metal electrodes, [174] [175] [176] [177] [178] [179] as is known for fuel cell technology.T hus, oxygen-tolerant cathodes are highly desirable. [180] Conventional approaches to this issue include the protection of the cathode by as elective membrane [181, 182] and the preparation of an HER-selectivee lectrocatalyst. [183] Herein, another approach is discussed, in which the electrolyte properties are used to regulate the oxygen mass transport flux across the cell.
The influence of ions on oxygen mass transport
When ab uffered solutioni su sed as an electrolyte at near-neutral pH, the solute concentrationh as ad rastic impacto nt he dissolvedg as conversion.E xperimentally,i tw as revealed that the limiting diffusion current decreased with increasing concentration on al ogarithmic scale. [56] Theoretically,t he oxygen diffusionf lux is af unction of the following parameters, as understoodf rom Equations (22), (25) , and (27): a) the oxygen concentration (solubility); b) the kinematic viscosity of the solution; c) the diffusion coefficient.
These parameters can be addressed separately.
The dependenceo ft he gas solubility on the identity/molarity of ions is rationalized by the Sechenov equation [Eqs. (32) and (33)],w hich shows decreasing solubility as the solute concentration increases. [70] The kinematic viscosity of the solution can be measured with av iscometer,a nd both the kinematic viscosity and the viscosity are found to increasee xponentially with the solute concentration. [44, 56] The diffusion coefficientc an be determined by using the Stokes-Einstein equation [Eq. (25) ], [55] which indicates that the diffusionc oefficient decreases with increasing solute concentration owing to the increased viscosity.From these values, the mass transport-limited current density (the limitingd iffusion current density) can be calculated by using Equation (27) in the RDE configuration.T he calculated limiting diffusion currents were found to quantitatively reproduce the experimental observations, [56, 126] which demonstrates that the electrolyte properties are solely responsible for the observed oxygen mass transport flux. This finding reveals the significance of the electrolyte properties on the mass transport of the dissolved gas; [126] thus, by tuning the electrolyte identity and molarity,t he mass transport flux of the dissolved gas can be controlled.
Electrolyte engineering for selectivehydrogen production in the presence of oxygen
This section presents ag lobal picture of the roles of electrolytes in hydrogen production and gas diffusion in denselyb uffered solutions. The alterationo ft he molarity and identityo f the ion changest he associated parameters, which in turn determines the mass transportp rocess. As discussed in Section 3.5, the HER at near-neutral pH suffers from the slow mass transport of weaka cid species. The followingp arameters are predominantly responsible:t he ion activity,e ffective ion size, and kinematic viscosity.T he previous section (Section 5.1) described the significance of the electrolyte properties on gas diffusion, where the following parameters are revealed as descriptors:t he kinematic viscosity and gas solubility.O verall, for the HER in the presence of oxygen, the followinga re the governing parameters: a) mean activity coefficient; b) ion size; c) viscosity; d) gas solubility.
These parameters are dependent on each other,a nd they define the ion activity,d iffusion coefficient, and diffusion-layer thickness, which in turn determine the mass transport flux of the weak acid and dissolved gasses, as summarized in Figure 14 .
The ways in which these parameters affect the HER and oxygen diffusion are different:for example, ahigher concentration results in am onotonic decreasei nt he oxygen diffusion flux, but the HER reaches its optimum at approximately 1.5-2.0 mol L À1 in many cases. Therefore, there are optimum conditions where ah igherH ER performance and ap oorer oxygen diffusion flux are achieved, for example, as electivity as high as 90 %f or the HER can be achieved in 1.5 mol L À1 K 1.4 H 1.6 PO 4 over aP te lectrode at À50 mV versusR HE under oxygen-saturated conditions. [126] Of note, the additional use of am embrane in such systems can further lower the crossover loss andm itigate safety concerns. Regarding membrane use, the readers are referred to other recent journal articles.
The ion plays ac riticalr ole not only in the HER and OER but also in the dissolved gas conversion.S imple tuning of the electrolyte properties results in ad rastic alteration of the electrochemicalp erformance. Thee lectrolyte thusn eeds to be carefully considered in the developmento fe fficient solar hydrogen production systems. Notably,assuch, the tuning of the electrolyte property is clearly crucial to fuel cell technology in nearneutralpHc onditions, particularly for microbial fuel cells.
Conclusions and Perspectives
Water electrolysis plays ac riticalr ole in fuel generation from sustainable energy resources. Versatile and flexible water splitting in various electrolytes should be investigated to adapt the variousr eaction conditions required for (photo)electrochemical reactions and maximize their efficiency.T his review lists the fundamental physicala nd chemical properties of electrolytes, which strongly influence the kinetics and mass transport for water electrolysis reactions.
In conventionals tudies,t he identity of the electrode (in particular,i ts bindinge nergy to the intermediate species) has been af ocus of investigation to understand the electrochemical kinetics under extreme pH conditions. However,r ecent studies have revealed that the performance is significantly altered by the electrolyte in at least four ways:
1) Participation of ions in the surface reaction
The reaction scheme and transition state mayb ed irectly influenced by the supporting ions at the very surface. The important role of counter ions in an ionic environment is clear for the kinetic contribution.
2) Alteration of the local pH
At an ear-neutral pH, buffer ions, depending on their identity and molarity,e ffectively regulate the local pH through protonation/deprotonation processes close to the surface, which can minimize concentration overpotential.
3) Blockageoft he active sites
At an extremely acidic/alkaline pH, as light modification of the reactionc onditions, for example, the introduction of supporting ions, drastically alters the reactionp erformance owing to noncovalent interactions betweent he hydrated ions and the surfaces ites (or intermediates on the surface), and/ors pecific adsorption. [129, 156] 
4) Regulation of mass transport
Most significantly,t he mass transport of the speciesr esponsible for the surface reaction is predominantly governed by the identityand molarity of the supporting ions. [56, 125] Accordingly,i ti si nferred that fine-tuning of the electrolyte properties, or electrolyte engineering,i sapromising concept to improvet he reaction performance, especially at an ear-neutral pH. [126] As shown in this review,aquantitative description of these properties enables us to precisely determine the contributiono fm ass transport and associated kinetics originating from the identitya nd molarity of the supporting electrolyte. Therefore, it is recommended to give speciala ttention to not only the electrocatalyst material buta lso the electrolyte used because the performance can be strictly limited by the mass transporta nd not by the performance of electrocatalyst. The study of electrolyte engineering stillh as ample margint ob einvestigated for further improved water splitting performances.
